ゼブラフィッシュ視蓋損傷モデルにおける組織再生の分子機構の解析 by Shimizu Yuki
  
 
Analysis of Molecular Mechanisms of  
Tissue Regeneration after the Stab Injury  
in the Adult Zebrafish Optic Tectum 
 
?????????????????????
?????????? 
 
 
 
 
 
 
February 2018 
 
Yuki SHIMIZU 
??? ?? 
 
 
 
 
 
1 
Analysis of Molecular Mechanisms of 
Tissue Regeneration after the Stab Injury  
in the Adult Zebrafish Optic Tectum 
 
?????????????????????
?????????? 
 
 
 
February 2018 
 
Waseda University 
Graduate School of Advanced Science and Engineering 
Department of Life Science and Medical Bioscience 
Research on Molecular Brain Science 
 
 
Yuki SHIMIZU 
??? ?? 
 
 
2 
Contents  
 
Abstract…………………………………………………………………....3 
 
Chapter 1. Introduction .............................................................................5 
1.1 Adult neurogenesis in vertebrates 
1.2 Regenerative capacity in the central nervous system  
1.3 Neural stem cell niche in the adult zebrafish optic tectum 
1.4 Wnt signaling in the adult zebrafish optic tectum 
1.5 Gal4/UAS system 
 
Chapter 2. Materials and Methods .........................................................18 
 
Chapter 3. Result I (Shimizu et al., 2018) .......................................27 
3. Analysis of tissue regeneration and molecular mechanisms 
  3.1 Analysis of tissue regeneration after the stab injury of optic tectum 
  3.2 Analysis of molecular mechanism regulating tissue regeneration 
 
Chapter 4. Result II (Shimizu et al., 2015) .......................................57 
4 Generation of radial glia specific Gal4 line, Tg(gfap:Gal4) zebrafish 
 
Chapter 5. Discussion ...............................................................................62 
5.1 Regenerative capacity and the function of neural stem cell 
5.2 Molecular mechanisms in the tissue regeneration of optic tectum 
5.3 Radial glia specific Gal4 line, Tg(gfap:Gal4) zebrafish 
 
Chapter 6. Future Prospects ....................................................................76 
6.1 Analysis of cell lineage from neural stem cell after the stab injury 
6.2 Comprehensive transcriptome analysis by RNA-seq and ATAC-seq 
6.3 Analysis of candidate genes by morpholino or Gal4/UAS system 
 
References……………………………………………………………......82 
 
Acknowledgements………………………………………........................91 
 
 
3 
Abstract 
 
Zebrafish have superior abilities to generate new neurons in the adult brain 
and to regenerate brain tissue after brain injury compared to mammals. 
There exist two types of neural stem cells (NSCs): neuroepithelial-like 
stem cells (NE) and radial glia (RG) in the adult optic tectum. In the 
physiological condition, NE are rapidly dividing and produce newborn 
neurons, RG, and oligodendrocytes while RG are slowly dividing and most 
of RG are quiescent. So, the functions of RG in adult optic tectum are well 
not known. Moreover, the functions of both NE and RG in the regenerative 
condition are unrevealed because of no stab injury or neurodegenerative 
models using adult optic tectum. In the present study, I established an optic 
tectum stab injury model to analyze the function of NSCs in the 
regenerative condition. I analyzed proliferation and differentiation of both 
NE and RG by histological analyses and confirmed that the injury induced 
the proliferation of RG, but not NE and that the proliferated RG 
differentiated into newborn neurons to compensate for the tissue damage. I 
then analyzed the involvement of Wnt signaling after the injury, using Wnt 
reporter transgenic zebrafish in which canonical Wnt signaling activation 
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induced GFP expression and confirmed that GFP expression was induced 
specifically in RG after the injury. I also analyzed the expression level of 
genes related to Wnt signaling and confirmed that endogenous Wnt 
antagonist dkk1b expression was significantly decreased after the injury. To 
elucidate the function of Wnt signaling on the proliferation and 
differentiation of RG after the stab injury, I performed pharmacological 
experiments with IWR1, a canonical Wnt signaling inhibitor, and found 
that IWR1 treatment suppressed the proliferation and differentiation of RG 
after the injury, suggesting that up-regulation of Wnt signaling in RG after 
the stab injury is required for optic tectum regeneration. I also confirmed 
that Wnt activation by treatment with a GSK3β inhibitor BIO in uninjured 
zebrafish induced proliferation of RG in the optic tectum, suggesting that 
Wnt signaling regulates RG activity in both physiological and regenerative 
conditions. 
This optic tectum stab injury model is useful for the study of the 
molecular mechanisms of brain tissue regeneration and analysis of the RG 
functions in physiological and regenerative conditions.  
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Chapter 1. Introduction 
1.1 Adult neurogenesis in vertebrates  
Adult neurogenesis is a phenomenon that neural stem cells in the 
adult brain produce new neurons and this phenomenon is widely conserved 
among vertebrates (Kizil et al., 2012, Alunni et al 2016). As Ramon y Cajal 
mentioned “Once development was ended, the fonts of growth and 
regeneration of the axons and dendrites dried up irrevocably. In adult 
centers the nerve paths are something fixed and immutable: everything may 
die, nothing may be regenerated” (Ramon y Cajal, 1928), it has been 
believed that adult brain has no capacity for neurogenesis and regeneration 
since the late 20th century. Joseph Altman firstly reported that newborn 
neurons are generated in the adult mammalian brain (Altman 1963, Altman 
and Das 1965). However, his discoveries have not been accepted for a long 
time until 1990’s when adult neural stem cells were derived from mouse 
brain (Reynolds et al., 1992) and adult neural stem cells were found in the 
human brain (Eriksson et al., 1998). During these two decades, adult 
neurogenesis has been widely accepted and observed among various 
vertebrates from mammals to teleosts. Adult neurogenesis in the 
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mammalian brain including human, primates and rodents, is restricted to 
the subventricular zone and subgranule zone in the dentate gyrus (Doetsch 
et al., 1998, Gage et al., 1998, Cameron et al., 2001).  
 
However, in non-mammalian vertebrates such as birds, reptiles, 
amphibians and teleosts such as zebrafish (Danio rerio) and medaka 
(Oryzias latipes), neural stem cell niches are observed in several areas 
(Adolf et al., 2006, Grandel et al., 2006, Kuroyanagi et al., 2010 and 
Tozzini et al., 2012). In the adult zebrafish brain, 16 neural stem cell niches 
were observed and neural stem cells produced newborn neurons through 
their life (Kizil et al., 2012). However, the reasons for the difference in the 
number of neurogenic regions and the ability of neural stem cells among 
vertebrates are still an unsolved question.  
In the telencephalon of adult zebrafish brain, radial glia (RG) can 
be labeled by bromodeoxyuridine (BrdU), an analog of thymidine, 
proliferation cell nuclear antigen (PCNA) and several stem cell markers, 
such as Sox2 and Msi1 (Lam et al., 2009, März et al., 2010, Viales et al., 
2014). Moreover, cell lineage analysis using inducible Cre/loxP system 
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revealed that RG produce new neurons and RG (Dirian et al., 2014), 
indicating RG have abilities of self-renewal and multipotency. However, 
the cellular and molecular mechanisms that regulate adult neurogenesis 
remain unknown.  
RG in the adult zebrafish telencephalon function as neural stem cells 
(NSCs) but are quiescent in the optic tectum and cerebellum, where 
neuroepithelial-like NSCs maintain self-renewal and multipotency (Kaslin 
et al., 2009, Ito et al., 2010, Rothenaigner et al., 2011). The differences in 
the function of RG and regulative molecular mechanisms among different 
CNS regions are still unknown. 
 
Fig.1.1 Comparisons of adult neurogenesis and regeneration capacity 
Table shows differences in the adult neurogenesis and regenerative 
capacity among the vertebrates, mammal, bird, reptile, amphibian and 
teleost. Teleost including zebrafish and medaka show many neural stem 
cell niches and high ability to regenerate their central nervous system 
including brain, retina and spinal cord. Table is based on Alunni et al., 
2016 
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1.2 Regenerative capacity in the central nervous system  
As Ramon y Cajal mentioned, CNS of adult human has low ability 
to generate newborn neurons and also to regenerate its own neuronal 
tissues or connections. On the other hands, reptiles, amphibians and teleosts 
have a high capacity of adult neurogenesis and also of CNS regeneration 
(Fig. 1.1). Comparative analyses of differences in the regenerative ability 
among vertebrates are important to understand why human CNS has low 
regenerative ability and how we can modulate this regenerative ability to 
repair our own CNS from injury, ischemia and neurodegenerative disorders. 
Among the vertebrates, capacities of adult neurogenesis capacity and 
regenerative response are quite different.  
CNS of the adult zebrafish shows high ability to regenerate and 
also has many neural stem cells niches. Moreover, zebrafish provide other 
advantages such as genomic sequence information, various genetical 
experimental methodology (easy to generate transgenic or knockout 
zebrafish) and lower breeding cost than rodents. Previous studies showed 
various CNS injury models such as stab injury models using telencephalon, 
cerebellum and retina, spinal cord injury models, and neuron-specific 
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ablation model and we can learn the mechanisms of CNS regeneration by 
comparing the differences in the regenerative responses of NSCs and 
molecular mechanisms among brain, retina and spinal cord and also the 
differences among planaria, zebrafish, axolotl and mammalians including 
rodents and human.  
 
1.3 Neural stem cell niche in the adult zebrafish optic tectum 
Optic tectum is a visuomotor center and has a six layer structure 
(Corbo et al., 2012). Optic tectum receives visual inputs form retina and 
sends motor output to hindbrain (Sato et al., 2007). Neural stem cells, 
neurons, oligodendrocytes and microglia mainly compose of optic tectum 
(Ito et al., 2010). There are mainly two types of neurons, and most of 
neurons in the optic tectum are located in periventricular gray zone (PGZ) 
and neurons extend their apical dendrites into the dorsal layer of optic 
tectum and make synapses with axons from retinal ganglion cells. 
Oligodendrocytes are located in the PGZ and microglia are supposed to 
exist in the parenchyma of optic tectum. Moreover, there are two types of 
neural stem cells, neuroepithelial like stem cells (NE) and radial glia (RG). 
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(Fig.1.2). In the adult optic tectum, there are two types of neural stem cells, 
neuroepithelial-like stem cells (NE) located in the medial and lateral 
margins of PGZ and RG located in the deeper layer of PGZ. Most of NE 
continue to divide and generate new neurons, RG and oligodendrocytes. 
RG are almost quiescent, though gfap-GFP positive cells showed stem cell 
markers such as Sox2 and Msi1 immunoreactivity and glial markers such 
as GFAP, BLBP and vimentin immunoreactivity (Ito et al., 2010). Previous 
studies in Ohshima Lab. showed that Notch, Shh and Wnt signaling, brain 
derived neurotrophic factor signaling and neuronal activity regulates 
proliferation and differentiation of NE in physiological conditions (Dozawa 
et al., 2014; Sato et al., 2017; Shitasako et al., 2017), but the functions of 
NE in the regenerative condition and RG in both physiological and 
regenerative conditions are not well known. So, I established a stab injury 
model in the optic tectum to analyze the function of both neural stem cells 
in the regenerative condition and molecular mechanisms which regulate the 
regenerative capacity of adult zebrafish. 
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Fig.1.2 The structure of optic tectum and two types of neural stem cell 
in the optic tecutm 
Upper figure shows location of optic tectum in the midbrain and control 
section with a radial glia marker BLBP and a proliferating cell marker 
PCNA. Bottom table shows neural stem cell niches and functions in the 
physiological and regenerative condition.   
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1.4 Wnt signaling in the adult optic tectum 
Wnt signaling is important for cell-cell communication and Wnt 
proteins are secreted molecules binding to Frizzled family receptors on cell 
surface. The name of Wnt is derived from the two Wnt1 orthologues which 
are the Wingless (Wg) gene of Drosophila (Sharma et al., 1976) and the 
Int1gene of the mouse (Nusse et al., 1982). Previous studies showed that 
Wnt proteins activate at least three pathways of intercellular signaling, 
Wnt/β-catenin pathway, Wnt/PCP pathway and Wnt/Ca2+ pathway (Kühl et 
al., 2000). Wnt/β-catenin pathway is called canonical Wnt pathway and 
Wnt/PCP and Wnt/Ca2+ pathway are called non-canonical pathways. Wnt 
proteins activate all of these pathways through Frizzled receptors.  
In central nervous system, Wnt signaling plays many important 
roles in axon guidance, synapse formation (Lyuksyutova et al., 2003, 
Schmitt et al., 2006) and maintenance of neural stem cell in both 
physiological and regenerative conditions (Lie et al., 2005). Recent studies 
showed that Wnt signaling is involved in neurodegenerative disorders such 
as Alzheimer’s disease and Parkinson’s disease (Kriks et al., 2011). 
Zebrafish have 21 wnt genes and 11 of wnt expression were 
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observed in the embryo CNS (Table. 1) (Clements et al., 2009; Duncan et 
al., 2015; Hashimoto et al., 2000; Untergasser et al., 2011). Previous 
studies in the Ohshima Lab. reported that wnt genes and frizzled genes are 
expressed in NE and RG in the adult optic tectum and that canonical Wnt 
signaling regulates adult neurogenesis from NE in a physiological 
condition. (Shitasako et al., 2017). To analyzed function of canonical Wnt 
signaling in adult neurogenesis in the optic tectum, I used IWR1 which 
binds to Axin2 (Chen et al., 2009) and inhibits canonical Wnt signaling 
through stabilization of Axin2 (Chen et al., 2009) and TDZD8 as Wnt 
signaling activator through GSK3β inhibition and analyzed proliferation 
and differentiation of NE in adult optic tectum. These pharmacological 
experiments showed that canonical Wnt signaling is required for NE 
proliferation and that inhibition of Wnt signaling enhances differentiation 
of BrdU labeled NE in physiological conditions. This regulation of NE 
proliferation and differentiation by Wnt signaling is consistent with the 
proposed mechanisms of adult NSC regulation by Wnt signaling in the 
mammalian CNS. Moreover, another study also showed that the Wnt 
signaling regulates self-renewal and differentiation of neural stem cells in 
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physiological and regenerative conditions in retina, hypothalamus and 
spinal cord (McPherson et al., 2016; Ramachandran et al., 2011; Strand et 
al., 2016). These studies suggest that Wnt signaling may play important 
roles not only in adult neurogenesis but also in the regenerative 
neurogenesis. However, we know little about regenerative neurogenesis in 
the adult optic tectum and the molecular mechanisms that regulate 
regenerative responses of neural stem cells.   
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Table. 1 wnt genes expression in the embryonic and adult optic tectum 
A: Table shows expression of each wnt gene in the embryonic and adult 
brains. B: Table shows expression of each fzd gene in the embryonic and 
adult brains. Tables are based on analyses of wnt and fzd expression in 
Duncan et al., 2015, Nikaido et al., 2013 and Shitasako et al., 2017. C: This 
table shows wnt genes which express in embryonic optic tectum and 
possible combinations of wnt and fzd. Table is based on analyses of wnt 
and fzd binding capacity in Dijsterhuis et al., 2014 and 2015. 
 
 
1.5 Gal4/UAS system  
To study the function of regulatory genes in specific cells or 
tissues in vivo, the Gal4-UAS system has been used in animal models, such 
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as Drosophila, zebrafish, and yeast (Fischer et al., 1988, Scheer et al., 
1999). The yeast transcriptional activator Gal4FF can activate expression 
of any genes under the control of the upstream activator sequence (UAS) 
exclusively in Gal4FF-positive cells, and Gal4/UAS system is available for 
zebrafish (Asakawa et al., 2008). To analyze the gene functions in RG in 
zebrafish central nervous system, we used gfap promoter which drives gene 
expression in RG-specific manner and generated a Tg(gfap:Gal4FF) 
transgenic zebrafish line that expresses Gal4FF under the gfap regulatory 
sequence (Shimizu et al., 2015) using Tol2 mediated transgenesis 
(Kawakami et al., 2004) and confirmed that Gal4FF is exclusively 
expressed in RG in CNS such as telencephalon, optic tectum cerebellum, 
spinal cord and retina (Fig. 1.3).  
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Fig. 1.3 Schematic drawing of Gal4/UAS system 
Left figure shows how X-gene expression is induced in radial glia specific 
manner. Right figure shows schematic drawing of mating Gal4 line with 
UAS line to generate Gal4/UAS double transgenic zebrafish. 
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Chapter 2. Materials and Methods 
Animals 
Zebrafish (Danio rerio) were maintained according to standard procedures 
(Westerfield, 2007). All experiments were performed in accordance with 
protocols approved by the Institutional Animal Care and Use Committee at 
Waseda University. RIKEN Wako (RW) wild-type strain zebrafish and 6x 
Tcf/BS-miniP: d2EGFP for the analysis of Wnt activity (Wnt reporter line, 
Shimizu et al., 2012) were obtained from the Zebrafish National 
BioResource Center of Japan (http://www.shigen.nig.ac.jp/zebra/). The 
Tg(gfap:GFP)mi2001 strain, in which GFP was specifically expressed in 
RG (Bernardos & Raymond, 2006), was obtained from the Zebrafish 
International Resource Center (ZIRC). Tg2(UAS:GFP)nnsp19 strains were 
kindly provided by Dr. Higashijima (Asakawa et al., 2008). I used 3 - 4 
months RW wild-type zebrafish for the stab injury and 3-4 months or 5-6 
months RW wild-type zebrafish for the drug administration and analysis of 
physiological condition.  
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Generation of transgenic zebrafish  
The 7.4-kb gfap regulatory element was amplified by PCR using a 
gfap:GFP plasmid (Bernardos et al., 2006) kindly provided by Dr. 
Raymond. Specific primers for the gfap regulatory elements, forward 
primer; 5′-GAATGGGCCCGTAAGGACTGAGGTGATG-3′, reverse 
primer; 5′-GTAACCTGCAGGGAGGAACGCTGGGACTCCA-3, were 
used to add ApaI and SbfI sites to the PCR product, respectively. The 
amplified PCR product was digested by ApaI and SbfI and purified by a 
QIA-quick Gel Extraction Kit (Qiagen). Next, digested gfap regulatory 
elements were ligated into the ApaI and SbfI sites of the T2KhspGFF 
plasmid (Asakawa et al., 2008) to prepare T2KgfapGFF in which Gal4FF 
sequence is integrated under the gfap regulatory elements. Zebrafish 
embryos at the 1- or 2- cell stage were injected with the T2KgfapGFF 
construct (3 ng/μL) and the Tol2 transposase mRNA to generate 
Tg(gfap:Gal4FF) lines. Then, injected F0 fish were raised to adulthood and 
were crossed with Tg2(UAS:GFP)nnsp19 for Gal4 positive F0 screening, I 
observed GFP positive cells in F1 embryos and I obtained three 
Tg(gfap:Gal4FF) lines: Tg(gfap:Gal4FF)wa32, Tg(gfap:Gal4FF)wa53, and 
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Tg(gfap:Gal4FF)wa73; the Tg(gfap:Gal4FF)wa32 line was used in this 
study.  
 
Histology 
For the histological analyses such as in situ hybridization (ISH) and 
immunohistochemistry, zebrafish were anesthetized in 0.017% tricaine (pH 
7.0; Nacalai Tesque) and fixed by 4% paraformaldehyde (PFA; Wako) 
solution. The brains were dissected and postfixed in 4% PFA solution 
overnight at 4°C. For the cryosections, whole brains were embedded in the 
mixture of 20% sucrose and O.C.T. compound (Tissue-Tek). 14-μm-thick 
sections were cut using a cryostat (Microm HM500M; Leica) for 
immunohistochemistry and ISH. 
 
Immunohistochemistry 
Immunohistochemistry was performed on 14 μm cryosections as previously 
described (Ito et al., 2010; Dozawa et al., 2014 ; Shimizu et al., 2015, 2018). 
For primary antibodies, I used mouse anti-proliferating cell nuclear antigen 
(PCNA) (1:200; Dako) as a proliferative cell marker. Rabbit anti-brain lipid 
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binding protein (BLBP) (1:500; Millipore) and mouse anti-glial fibrillary 
acid protein (GFAP) (1:500; DAKO) were used as radial glia markers and 
mouse anti-HuC (1:100; Invitrogen) was used as a neuronal cell marker. I 
also used mouse anti-GFP (1:500; Millipore) and sheep 
anti-bromodeoxyuridine (BrdU) (1:500; Abcam) antibodies. For secondary 
antibodies, I used Alexa Fluor 488-, 594-, 647- (1:500; Invitrogen) and 
Alexa Fluor 568- conjugated subclass-specific antibodies (1:500; Abcam). 
Sections were embedded in PermaFluor (Thermo). For the antigen retrieval 
of PCNA, slides were incubated in 10 mM sodium citrate for 30 min at 
85°C before the primary antibody treatment. For the antigen retrieval of 
BrdU, slides were incubated in 2N HCl for 30 min at 37°C before treatment 
with the primary antibody. For the nuclear staining, I used Hoechst 33258 
(1:500; Wako) for 30 minutes after immunohistochemistry was performed. 
 
Stab Injury 
I used 30G needles to induce the stab injury. There are two bones in the 
right hemisphere of optic tectum, and the anterior one is called as os 
frontale and the posterior one is called as os parietale (Geurtzen et al., 
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2014). Zebrafish were anesthetized with 0.017% tricaine and a 30 G 
syringe needle was vertically inserted into the right hemisphere through the 
boundary between the os frontale and os parietale on the right optic tectum 
(Fig. 2). The depth of 30 G needle insertion was around 0.75 mm almost 
equal to half length of 30 G bevel.  
Fig. 2 Schematic drawing of stab injury in the optic tectum 
Stab injury in the center of right hemisphere of optic tectum. Right 
hemisphere is considered to be injury side and left hemisphere is 
considered to be intact (control) side. 
 
BrdU Administration 
Adult fish (age, 3-4 months) were anesthetized in fish water containing 
0.017% tricaine and intraperitoneally injected with 25 μL of 16 mM BrdU 
(Sigma and Nacalai Tesque) solution diluted in an E3 medium and kept in 
fish water containing 10 mM BrdU for 24 or 48 hours.  
 
??????
??????
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Drug Administration 
To inhibit Wnt signaling, I used 10 μM IWR1, an inhibitor of Wnt 
Response 1 (Sigma-Aldrich) and 10 μM IWR1-exo (Santa Cruz 
Biotechnologies) as a negative control for IWR1. To activate Wnt signaling, 
I used 1 μM BIO, (2'Z,3'E)-6-Bromoindirubin-3'-oxime (Sigma-Aldrich) 
which activates canonical Wnt signaling via GSK3β inhibition.  
To induce inflammation without stab injury, I injected 10 mg/mL zymosan 
A which binds to toll-like receptor 2 into cerebral fluid by 
cerebroventricular microinjection (Kizil et al., 2011). 
 
Quantitative Real-Time PCR 
Adult zebrafish were anesthetized in 0.017% tricaine and each hemisphere 
of optic tectum was dissected respectively. Optic tectum was homogenized 
in TRIzol reagent (Invitrogen), and total RNA was purified using the 
PureLink RNA Mini kit (Invitrogen). Then cDNA was synthesized from 
total RNA with revatra Ace (Toyobo). Gene-specific primers are shown in 
the table below. I quantified the each gene expression level by quantitative 
real-time PCR with SYBR green (Toyobo) with the ??CT method. 
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Primers Sequence 
actb2 Fw GTGCCCATCTACGAGGGTTA 
actb2 Rev TCTCAGCTGTGGTGGTGAAG 
ascl1a Fw TGAGCGTTCGTAAAAGGAAACT 
ascl1a Rev TGGCTCTTTGACACTCGGAC 
dkk1b Fw TAAAGTCGGTTCAGGTGCGG 
dkk1b Rev GCAGATTAAAGGCTGCTGCG 
 
Cell Quantification 
To quantify the proliferated RG, I counted the number of BLBP/PCNA 
double-positive cells in images taken under an FV1000 microscope 
(Olympus), confocal laser scanning microscope equipped with BX61 
(Olympus) with UPlanApo 20× (NA 0.70) and UPlanSApo 40× (NA 0.95) 
objectives and a BX50 microscope (Olympus) with UPlanApo 20x (NA 
0.70) and UPlanSApo 40× (NA 0.95) objectives. For the quantification of 
newborn neurons or RG after the stab injury, I labeled proliferative cells 
after the injury and counted BrdU/HuC or BrdU/BLBP double-positive 
cells at 7 days post injury (dpi) under the FV1000 microscope with the 
UPlanSApo 40× (NA 0.95) objective. I also quantified the number of 
GFP/HuC double-positive cells in the Tg(gfap:GFP) zebrafish after the stab 
injury to examine whether new neurons were derived from RG expressing 
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GFP under the FV1000 microscope with the UPlanSApo 40× (NA 0.95) 
objective. 
To quantify the co-localization of GFP in BLBP-positive cells, I counted 
the number of GFP/BLBP double-positive cells in the images taken under 
the BX50 microscope with the UPlanApo 20x (NA 0.70) and UPlanSApo 
40× (NA 0.95) objectives. 
 
Image Acquisition 
Fluorescence images were taken on the BX50 microscope with the 
UPlanApo 20x (NA 0.70) and UPlanSApo 40x (NA 0.95) objectives, or the 
FV1000 microscope with UPlanSApo 20 × (NA 0.70) and UPlanSApo 40× 
(NA 0.95) objectives. Images were processed using Adobe Photoshop 
(Adobe).  
 
Statistical Analysis 
All experimental data are expressed as mean ± standard error of mean and 
sample numbers are mentioned in each corresponding figure legend. 
Statistical analysis was performed using paired or unpaired student’s t-test 
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when comparing two groups. When comparing more than two groups, 
one-way or two-way ANOVA was performed followed by the Tukey post 
hoc test. A p-value was calculated using GraphPad Prism and statistical 
significance are represented as ***P less than 0.001; **P less than 0.01; *P 
less than 0.05.  
 
 
27 
Chapter 3. Results I   
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3.1 Analysis of tissue regeneration after the stab injury of optic tectum 
 In this session (Results 3.1.1 - 3.1.3), to analyze the function of 
neural stem cells (NE and RG) in the optic tectum after stab injury, I 
established a stab injury model and analyzed the proliferation and 
differentiation of neural stem cells after stab injury. I found that not NE 
which are function as neural stem cells in the physiological condition, but 
RG which are quiescent in the physiological condition, function as neural 
stem cells in the regenerative condition. 
 
3.1.1 Most of radial glia are quiescent in the physiological condition of 
adult optic tectum  
In the developmental stages of the zebrafish embryo, RG operate 
as neural stem cells to produce parts of the central nervous system (CNS) 
such as telencephalon optic tectum and spinal cord (Kaslin et al., 2013). In 
embryonic optic tectum, RG divide to produce new neurons for the 
formation of the optic tectum (Sato et al., 2007). However, previous studies 
have reported that RG in the adult optic tectum were less proliferative (Ito 
et al., 2010; Diotel et al., 2016) and there has been no quantitative analysis 
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about RG proliferation in the optic tectum of adult zebrafish. To quantify 
the proliferation of RG in the adult optic tectum, I made 14-μm serial 
coronal sections and performed immunostaining with anti-BLBP antibody 
and anti-PCNA antibody (Fig. 3.1A-G). I quantified BLBP/PCNA 
double-positive cells as proliferative RG through 60 serial sections. The 
averaged number of proliferative RG among these 60 serial sections was 
5.35 ± 1.18 and tended to increase in the posterior section (Fig. 3.1H). I 
divided these 60 sections into 6 parts along the anterior-posterior axis (10 
sections in each part) and indicated the mean of BLBP/PCNA double 
positive cells in each part (Fig. 3.1I). These results indicate that most of RG 
are quiescent in the adult optic tectum of zebrafish and that RG in the 
caudal part are more proliferative than those in the rostral part.  
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Fig. 3.1 Most radial glia were quiescent in the adult optic tectum 
A-F: Representative images of serial sections indicated in G. A’-F’: 
Magnification of indicated area by the white box in each image (A-F). G: 
Schematic drawing of cross-section. H: The number of BLBP/PCNA 
double-positive cells in the 60 serial sections of adult optic tectum. I: 
Averages of each 10 section in the adult optic tectum. Scale bar 100 μm in 
A-F and 50 μm in A’-F’. n = 5. 
 
3.1.2 Analysis of cell proliferation after the stab injury 
I hypothesized that stab injury induces proliferation of neural stem 
cells such as NE and RG in the adult optic tectum to compensate for the 
neuronal loss by the injury. To analyze the injury-induced proliferation of 
NE and RG, I induced a stab injury and performed immunostaining with 
anti-BLBP antibody as an RG marker and anti-PCNA antibodies as a 
proliferative cell marker. Then, I quantified BLBP/PCNA double-positive 
cells as RG. I quantified BLBP-negative and PCNA-positive 
(BLBP-/PCNA+) cells located in the margin of PGZ as proliferative NE 
and BLBP-/PCNA+ cells located in the optic tecutm except for the margin 
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of PGZ as another type of cells likely including microglia, 
oligodendrocytes, endothelial cells and immune cells such as macrophages 
and neutrophils. I compared the number of proliferating cells in the injury 
side to that in the intact side as internal control from 12 hours post injury 
(hpi) to 7 dpi. The number of proliferating NE, indicated by PCNA-positive 
cells in the margin of PGZ (Fig 3.2A-L), was not significantly changed 
from 12 hpi to 7 dpi compared to that of the control side (Fig. 3.2M). 
However, I found that the number of BLBP/PCNA double-positive cells as 
proliferating RG in the injury side was increased in response to the injury 
(Fig. 3.3A-F). RG proliferation started to increase at 12 hpi and peaked at 
approximately 3 dpi. However, there was no significant difference between 
intact and injured brains at 7 dpi (Fig. 3.3G). I also quantified 
BLBP-/PCNA+ cells which did not locate in the margin of PGZ as other 
types of proliferating cells and found that the peak of increased 
proliferation was around 2 dpi (Fig. 3.3H), indicating that this induction of 
proliferation was followed by the proliferation of RG. These results suggest 
that not NE but RG may play important roles in optic tectum regeneration. 
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Fig.3.2 The number of proliferative neuroepithelial-like stem cells was 
not significantly changed after the stab injury 
A-L: Representative images of immunohistochemistry with anti-PCNA 
antibodies at 12 hpi (A-B), 1 dpi (C-D), 2 dpi (E-F), 3 dpi (G-H), 4 dpi (I-J) 
and 7 dpi (K-L). M: The number of proliferated neuroepithelial-like stem 
cells after the stab injury. Scale bar: 50 μm. n.s, not significant. n = 5. 
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Fig. 3.3 The stab injury induced the proliferation of radial glia in the 
adult optic tectum 
A-F: Representative images of immunohistochemistry with anti-PCNA and 
anti-BLBP antibodies after the stab injury. Injury side at 12 hpi (A), 1 dpi 
(B), 2 dpi (C), 3 dpi (D), 4 dpi (E), and 7 dpi (F). White arrowheads 
indicate representative BLBP+/PCNA+ cells and white arrows indicate 
representative BLBP-/PCNA+ cells (B and C). G: The number of 
proliferated radial glia in the optic tectum after the stab injury. H: The 
number of BLBP-/PCNA+ cells in the optic tectum after the stab injury. 
Scale bar 100 μm in A-F, 50 μm in A’-F’. * P < 0.05, ** P < 0.01. n = 5. 
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3.1.3 Analysis of new-born neurons after the stab injury 
Next question was whether proliferative RG can produce new 
neurons or not. To analyze whether newborn neurons were generated from 
proliferated RG for brain regeneration after stab injury, I analyzed the 
property of BrdU-labeled proliferating cells by BrdU administration. I 
labeled proliferating cells by BrdU administration for 24 hours from 2 dpi 
to 3 dpi and performed staining with anti-BrdU and anti-HuC antibodies at 
7 dpi (Fig. 3.4A-C). I quantified the BrdU/HuC double-positive cells as 
new-born neurons and found that the number of new neurons in the injured 
side was significantly increased compared to the intact side (Fig. 3.4D).  
To confirm that new-born neurons were generated from 
proliferated RG after the stab injury, I analyzed whether GFP expression in 
gfap:GFP was co-localized with the neuronal marker, HuC at 7dpi. I found 
that HuC was co-expressed with GFP-positive cells derived from RG (Fig. 
3.4E and E’). These results suggest that new-born neurons were generated 
from RG after the stab injury.  
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Fig. 3.4 Newborn neurons were generated after the stab injury 
A-B: Immunostaining with anti-BrdU antibody and anti-HuC antibody at 7 
dpi. A’ and B’ are magnifications of the indicated area in each image. 
White arrowheads indicate BrdU/HuC double-positive cells (B’). C: 
Schematic drawing of the stab injury and BrdU treatment for 24 h from 2 
dpi to 3 dpi. D: Quantification of BrdU/HuC double-positive cells at 7 dpi. 
The number of BrdU/HuC double-positive cells in the injured side was 
significantly increased compared to that of the intact side. E-E’: 
Representative images of immunohistochemistry with anti-HuC and 
anti-GFP antibody at 7 dpi using Tg(gfap:GFP). E’ is a magnification of the 
indicated areas and white arrowheads indicate BrdU/HuC double-positive 
cells. Scale bar 100 μm in A, B and E, 20 μm in A’, B’, and E’. n.s, not 
significant. * P < 0.05. n = 5. 
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3.2 Analysis of molecular mechanism regulating tissue regeneration 
In this session (Results 3.2.1 - 3.2.5), I focused on inflammatory 
signaling as an extracellular factor and Wnt signaling as an intercellular 
factor that induces proliferation and differentiation of RG after the stab 
injury. It considered that there are two factors that regulate neurogenesis 
from RG after the stab injury. One is extracellular factors that are secreted 
by various types of cells (e.g. neurons, oligodendrocytes, RG, microglia, 
endothelial cells and immune cells such as macrophages and neutrophils) 
and stimulates the proliferation and differentiation of RG. Another is 
intercellular factors that regulate proliferation and differentiation in RG in 
response to extracellular factors after the injury.  
To analyze effects of inflammation and Wnt signaling, I performed 
pharmacological experiments and utilized transgenic zebrafish in which 
GFP expression is induced by activation of canonical Wnt signaling. I 
found that inflammation caused by zymosan A injection induced not only 
RG but also NE proliferation and that activation of Wnt signaling in the RG 
is required for RG proliferation and differentiation after the stab injury. 
 
3.2.1 Analysis of effect of inflammatory signaling on the proliferation 
of RG and NE 
 To analyze the effect of inflammation on the proliferation of RG 
and NE, I injected 10 mg/mL zymosan A into cerebral fluid by 
cerebroventricular microinjection (Fig. 3.5M). Zymosan A binds to toll-like 
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receptor 2 and triggers inflammatory signaling. I made 60 serial section and 
performed immunohistochemistry with anti-BLBP and anti-PCNA 
antibodies at 1 day post injection (Fig. 3.5A-L). I quantified BLBP/PCNA 
double-positive cells as proliferative RG throughout the 60 serial sections 
(Fig. 3.5N) and divided these 60 sections into 6 parts along with the 
anterior-posterior axis (10 sections in each part) (Fig. 3.5O). I found that 
the number of proliferative RG was significantly increased compared to 
that with PBS injection. Moreover, I found that the number of proliferative 
NE (PCNA positive cells located in the margin of PGZ) was also 
significantly increased compared to that with PBS injection at 1 day post 
injection (Fig. 3.5P-R). These results suggest that inflammatory signaling 
stimulates proliferation of both RG and NE without injury. 
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Fig. 3.5 Inflammation induced proliferation of NE and RG without  
injury in optic tectum 
A-L: Immunohistochemistry with anti-BLBP and anti-PCNA antibodies. 
The representative images in the PBS-injected (A-F) or zymosan 
A-injected (G-L) optic tectum at 1 day post injection. M: Schematic 
drawing about cerebroventricular microinjection of PBS or zymosan A. N: 
The number of PCNA/BLBP double-positive cells in the 60 serial sections. 
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O: The mean of the number of the proliferative radial glia in each 10 slide. 
P-Q: Representative images of proliferative NE in the PBS- or zymosan 
A-injected optic tectum at 1 d ay post injury. R: The number of 
proliferative NE at 1 day post injection. Scale bar 100 µm. *P<0.05, ** 
P<0,01, *** P<0.001 
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3.2.2 Analysis of canonical Wnt activity after the stab injury 
A previous study showed that Wnt ligands (wnt3 and wnt3a) and receptors 
(fzd10 and fzd6) are expressed in NE and RG and that Wnt signaling 
regulates proliferation and differentiation of NE in the physiological 
condition (Shitasako et al., 2017). I hypothesized that canonical Wnt 
signaling regulates the proliferation of RG after the stab injury. To analyze 
Wnt signaling activity, I used the Tg(Tcf/Lef-miniP:dGFP) Wnt signaling 
reporter line in which GFP expression is induced in response to 
up-regulation of canonical Wnt signaling (Shimizu et al., 2012). I 
performed stab injury with this Wnt reporter line and analyzed GFP 
expression patterns at 2 dpi and 7 dpi. I found that GFP was co-expressed 
in BLBP-positive cells in the injury side at 2 dpi, though GFP was not 
observed in the intact side (Fig. 3.6A and B). However, at 7 dpi, I observed 
no GFP expression in RG in both injured and intact sides (Fig. 3.6C-D). 
These results suggest that canonical Wnt signaling was up-regulated by the 
stab injury.  
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Fig. 3.6 Canonical Wnt signaling was specifically up-regulated in 
radial glia after the stab injury 
A-D: Immunostaining with anti-BLBP and anti-GFP antibodies to confirm 
GFP expression in 6 x Tcf/BS-miniP: d2EGFP at 2 dpi (A-B) or 7 dpi 
(C-D). Representative images of the intact (A, C) and injury sides (B, D) at 
2 dpi. A’-D’: Magnification of identified area in each image (A-D). Scale 
Bar 100 μm. 
 
?? ???
?? ???
?? ???
?? ???
??????????????????????????? ??????????????????????????? ?????????????? ?????
???
???
????
???
??
??
???
???
????
???
??
??
???
???
????
???
??
??
???
???
????
???
??
??
 
 
44 
To examine the molecular mechanisms related to Wnt signaling, I 
focused on Dkk1b, an endogenous Wnt antagonist that regulates Wnt 
signaling activation and dedifferentiation of neural stem cells in the retinal 
and spinal cord regeneration (Ramachandran et al., 2011, Briona et al., 
2015). I analyzed the expression level of dkk1b and ascl1a that suppressed 
dkk1b expression in Müllar glia in retina (Ramachandran et al., 2011). I 
extracted total RNA from the injured and intact optic tectum, at 12 and 24 
hpi and then synthesized cDNA. I also prepared cDNA from left and right 
hemispheres of intact optic tectum. I quantified the level of ascl1a and 
dkk1b with quantitative real-time PCR with the ΔΔCt methods. There was 
no significant difference in both the dkk1b and ascl1a expression levels 
between left and right hemispheres of intact optic tectum. The expression 
level of ascl1a in the injured side was significantly increased at 12 hpi 
compared to that in the intact side, while there was no significant difference 
in the expression level of dkk1b at 12 hpi (Fig. 3.7A). However, the level of 
dkk1b in the injury side was significantly decreased compared to that in the 
intact side at 24 hpi (Fig. 3.7B) when RG proliferation was significantly 
induced. The expression of ascl1a at 24 hpi showed no significant 
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difference. These results suggested that expression changes of ascl1a and 
dkk1b are involved in the activation of Wnt signaling after the stab injury. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.7 Expression of dkk1b was significantly decreased at 24hpi 
A-B: Quantitative real-time PCR for ascl1a (A) and dkk1b (B) at 12 and 24 
hpi compared to the intact optic tectum. n = 5.  
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3.2.3 Analysis of the function of Wnt signaling on the RG proliferation 
after the stab injury 
To examine whether up-regulation of Wnt signaling is required for 
the proliferation of radial glia after the stab injury, I treated injured 
zebrafish with 1 μM or 10 μM IWR1, IWR1-exo as a negative control for 
IWR1, or 0.1% DMSO for 2 days (Fig. 3.8A). IWR1 inhibits canonical 
Wnt signaling by stabilizing Axin2, leading to destabilization of β-catenin 
(Chen et al., 2009) and IWR-exo, a diastereomer of IWR1, shows less 
activity than IWR1. Previous study in Ohshima Lab. confirmed that 10 μM 
IWR1 inhibited GFP expression in the Wnt reporter line, 
Tg(Tcf/Lef-miniP:d2GFP) (Shitasako et al., 2017). I performed 
immunohistochemistry with anti-BLBP and anti-PCNA antibodies at 2 dpi 
(Fig. 3.8B-D). I found that the number of proliferative RG in the injury side 
was significantly decreased by 10 μM IWR1 treatment compared to that 
with 0.1% DMSO treatment (Fig. 3.8E), while the number of proliferated 
RG in the injury side was not significantly changed by the 1 μM IWR1 
treatment (Fig. 3.8E) compared to that with 0.1% DMSO treatment. 10μM 
IWR1-exo treatment for 2days after the stab injury did not significantly 
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suppress the proliferation of RG in the injury side (Fig. 5E). These results 
suggest that inhibition of canonical Wnt signaling by the specific effect of 
IWR1 suppresses the proliferation of RG in a dose-dependent manner. I 
further quantified the number of BLBP-/PCNA+ cells, likely including the 
proliferation of microglia, oligodendrocytes endothelial cells and immune 
cells such as macrophages and neutrophils. I found that the number of 
BLBP-/PCNA+ cells was not significantly changed among the 10 μM 
IWR1, 10 μM IWR1-exo, and 0.1% DMSO treatments (Fig. 3.8F), 
suggesting that inhibition of Wnt signaling does not affect the proliferation 
of BLBP-/PCNA+ cells. I also treated injured zebrafish with 1 μM BIO that 
activates canonical Wnt signaling through GSK3β inhibition and performed 
the same quantification as the IWR treatment. I found that there was no 
significant difference in the number of BLBP/PCNA double-positive cells 
and BLBP-/PCNA positive cells between the BIO and DMSO treatments 
(Fig. 3.8E). These results suggest that specific activation of Wnt signaling 
in RG is required for the proliferation of RG after the stab injury. 
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Fig. 3.8 IWR1 suppressed the proliferation of radial glia after the stab 
injury 
A-C: Representative images of the injured side in the adult optic tectum at 
2 dpi with 0.1% DMSO (A), 10 μM IWR1 (B), or IWR1-exo treatment (C) 
for 2 days after the stab injury D-E: The number of BLBP/PCNA 
double-positive cells (D) and BLBP-/PCNA+ cells (E) with 0.1% DMSO, 
10 μM IWR1 or 10 μM IWR1-exo treatments for 2 days after the stab 
injury. Scale bar 100 μm. * P < 0.05, *** P < 0.001. n = 5. 
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3.2.4 Analysis of the function of Wnt signaling on the RG 
differentiation after stab injury 
To examine the function of Wnt singling on radial glia 
differentiation, I treated the injured Tg(gfap:GFP) with 10 μM IWR1 or 
0.1% DMSO from 3 dpi to 7 dpi and analyzed GFP/HuC double-positive 
cells at 7 dpi (Fig. 3.9A-B). I found that the number of GFP/HuC 
double-positive cells in the injured side of optic tectum with IWR1 
treatment was significantly decreased compared to the 0.1% DMSO 
treatment (Fig. 3.9C). I further examined the effects of Wnt inhibition on 
RG differentiation by BrdU pulse-chase analysis with 10 μM IWR1 or 
DMSO treatment. I injected 16 mM BrdU to injured zebrafish 
intraperitoneally at 1 dpi and then kept them in 10 mM BrdU solution for 
48 hours from 1 dpi to 3 dpi. After BrdU labeling, I treated zebrafish with 
10 μM IWR1 or 0.1% DMSO for 4 days, from 3 dpi to 7 dpi (Fig. 3.9D). 
Then I performed immunostaining with BrdU, HuC, and BLBP antibodies 
to analyze newborn neurons and RG (Fig. 3.9E-F). The number of 
BrdU/HuC cells in the injured side of IWR1-treated zebrafish was 
significantly decreased compared to that of 0.1% DMSO-treated fish (Fig. 
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3.9H); while there was no significant difference in the number of 
BLBP/BrdU cells between IWR1 and DMSO-treated zebrafish (Fig. 3.9I). 
These results suggest that activation of Wnt signaling is required for the 
differentiation of RG into neurons after the stab injury. 
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Fig. 3.9 Inhibition of Wnt signaling suppressed the differentiation of 
radial glia into neurons after the stub injury 
A-B: Representative images of the injured side in Tg(gfap:GFP) at 7 dpi 
with 0.1% DMSO (A) or 10 μM IWR1 (B) treatments from 3 to 7 dpi. 
White arrowheads indicate GFP/HuC double-positive cells (A-B). C: 
Quantification of GFP/HuC double-positive cells at 7 dpi with DMSO or 
IWR1 treatment. D: Schematic drawing of BrdU labeling and drug 
administration after the stab injury. E-F: Representative images of the 
injury side at 7 dpi with 0.1% DMSO (E) or 10 μM IWR1 (F). Yellow 
arrowheads indicate GFP/HuC double-positive cells (L-M). G-I: 
Quantification of BrdU-positive cells (G), BrdU/HuC double-positive cell 
(H) and BrdU/BLBP double-positive cell (I) at 7 dpi with DMSO or IWR1 
treatment. Scale bar 100 μm. * P < 0.05, ** P < 0.01. n = 3 for 
quantification of GFP/HuC double-positive cells. n = 5 for quantification of 
BrdU/HuC or BrdU/BLBP double-positive cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
53 
3.2.5 Analysis of the function of Wnt signaling on the RG proliferation 
in the physiological condition 
To analyze the function of Wnt signaling on the RG proliferation 
in the physiological condition, I treated adult zebrafish with 10 μM IWR or 
1μ BIO for 2 days. I treated 5-6 month old zebrafish with 10 μM IWR1 or 
0.1% DMSO in the physiological condition for 2 days and analyzed the 
effect of Wnt inhibition on the proliferation of RG. I made 30 serial 
sections and performed immunohistochemistry with anti-BLBP antibody 
and anti-PCNA antibody to quantify the number of BLBP/PCNA 
double-positive cells (Fig. 3.10A-F). I divided these 30 sections into 6 parts 
along the anterior-posterior axis (5 sections in each part) and quantified the 
number of BLBP/PCNA double positive cells (Fig. 3.10G), resulting that 
there was no significant difference between 10 μM IWR1 and 
DMSO-treated zebrafish. (Fig. 3.10G), suggesting that the Wnt signaling 
activity in the adult optic tectum is low. 
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Fig. 3.10 The number of proliferative radial glia was not significantly 
changed by the inhibition of Wnt signaling in the physiological 
condition 
A: Schematic drawing of the 2-days drug treatment. B-G: Representative 
images of anti-BLBP and anti-PCNA antibodies after 0.1% DMSO (B-D) 
or 10 μM IWR1 (E-G) treatment. H: Quantification of BLBP/PCNA 
double-positive cells with 0.1% DMSO or 10 μM IWR1 treatment for 2 
days in the physiological condition. Mean values indicate the averages of 
each 5 section of the 30 serial sections from anterior to posterior optic 
tectum. Scale bar 100 μm. n.s, not significant. n = 5. 
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To test whether activation of Wnt signaling induces the 
proliferation of RG in the physiological conditions, I treated 3-4 month 
zebrafish for 2 days with BIO, which inhibits GSK3-β activity, leading to 
canonical Wnt signaling activation. I treated zebrafish with 10 μM BIO for 
2 days and I found that zebrafish died at this concentration. I tested 2 and 5 
μM BIO treatment for 2 days and got the same results with 10 μM BIO 
treatment.  Finally, I confirmed that treated zebrafish did not die with 
1μM BIO treatment for 2 days. Then, to analyze the effect of Wnt  
activation on the RG proliferation, I made 60 serial sections and performed 
immunohistochemistry with anti-BLBP antibody and anti-PCNA antibody 
using every two sections of the 60 serial sections (Fig. 3.11A-F). Then, I 
divided these 30 sections into 6 parts along anterior-posterior axis (5 
sections in each part) and quantified the number of BLBP/PCNA double 
positive cells (Fig. 3.11G). I found that there was no significant difference 
in the number of proliferated RG in the most caudal parts between DMSO- 
or BIO-treated zebrafish (part 6 in the Fig. 3.11G). However, the number of 
proliferative RG located in the anterior and middle parts of the optic tectum 
(part 1 to 5 in the Fig. 3.11G) was significantly increased compared to 
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0.1% DMSO treated zebrafish. The difference in the number of 
proliferative RG between BIO and DMSO treated zebrafish was smaller 
than that between the injury side and intact side at 3 dpi (Fig. 3.3G) or that 
between zymosan A and PBS injected zebrafish (Fig. 3.5N-O), suggesting 
that Wnt signaling cooperatively works with other molecular mechanisms 
such as inflammatory signaling to induce RG proliferation after the stab 
injury. These results suggest that Wnt signaling activation partially induces 
the proliferation of RG in the physiological condition. 
 
Fig. 3.11 Wnt activation by a GSK3β inhibitor induced proliferation of 
radial glia in the physiological condition 
A-F: Representative images of immunohistochemistry with anti-PCNA and 
anti-BLBP antibodies after the 0.1% DMSO (A-C) or 10 μM IWR1 (D-F) 
treatment for 2 days. G: Quantification of BLBP/PCNA double-positive 
cells with 0.1% DMSO or 10 μM IWR1 treatment. Mean values indicate 
the averages of each 5 section in the 30 serial sections from anterior to 
posterior optic tectum. Scale bar: 50 μm. n.s, not significant. * P < 0.05. n 
= 5. 
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Chapter 4. Results II   
(Shimizu et al., 2015) 
4. Generation of a radial glia specific Gal4 line, Tg(gfap:Gal4) 
zebrafish 
 To analyze the gene function in RG by induction of gene 
expression specifically in RG, I utilized the Gal4/UAS system that can 
induce any genes under the UAS sequence specifically in Gal4-positive 
cells driven by tissue specific promoters. To generate transgenic zebrafish 
in which Gal4FF is specifically expressed in RG, the gfap regulatory 
element and the Tol2-mediated transposon system was used. Gal4FF (GFF) 
which consists of the DNA binding domain of Gal4 and two transcription 
activation modules of VP16 showed less toxicity than Gal4-VP16 
(Asakawa et al., 2008). I prepared a Tol2gfapGFF plasmid that induces 
Gal4 expression in GFAP-positive RG, injected it into 1- or 2-cell stage 
fertilized eggs and raised them to adulthood. I crossed injected F0 fish with 
Tg(UAS:GFP) and observed GFP expression in F1 embryos to identify 
Tg(gfap:Gal4FF) founders. F1 fish which carry Gal4FF and UAS:GFP 
showed GFP expression based on the Gal4/UAS system, and I raised 
GFP-positive F1 embryos to adulthood. To confirm that the 
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Tg(gfap:Gal4FF) zebrafish can be used to study the function of RG in adult 
neurogenesis, I analyzed the expression pattern of GFP in the adult 
Tg(gfap:Gal4FF;UAS:GFP) zebrafish brain. To count the number of GFP 
positive cells, I used BLBP as an RG marker, because anti-GFAP antibody 
labels RG processes but not the soma, whereas anti-BLBP antibody labels 
both RG processes and the soma. In the telencephalon, I detected GFP in 
BLBP-positive cells in VZ and dorsal pallium (Fig. 4.1A-B) and quantified 
the number of GFP+/BLBP+ double positive cells (Fig. 4.1C). The 
percentage of GFP/BLBP double-positive cells in the telencephalon was 
97.51 ± 2.49% in the dorso-medial (Dm) domain, 98.11 ± 1.89% in the 
dorso-lateral (Dl) domain, 98.85 ±1.15% in the dorsal nucleus of the 
ventral telencephalon (Vd) domain, and 94.31 ± 5.69% in the ventral 
nucleus of the ventral telencephalon (Vv) domain (Fig. 4.1). I also 
performed staining with anti-GFAP and anti-GFP antibodies. In the 
telencephalon, GFP was co-expressed in GFAP-positive cells (Fig. 4.1D). 
In the optic tectum, GFP was detected in GFAP-positive cells in the deeper 
layer of periventricular gray zone (Fig. 4.1E). In the cerebellum, where RG 
serve as scaffolds for migrating progenitor cells (a et al., 2009), GFP was 
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detected in GFAP-positive cells located in the upper rhombic lip (Fig. 
4.1F). In retina, GFAP was expressed in Müller glia and GFP was detected 
in the GFAP positive cells (Fig. 4.1G). GFP was also detected in the 
GFAP-positive cells in spinal cord (Fig. 4.1H) where RG are known to 
function as neural progenitor cells and repair injured spinal cord tissue by 
glial bridge formation (Goldshmit et al 2012). To confirm whether GFP is 
specifically expressed in RG, I quantified the percentage of GFP/BLBP 
double-positive cells in the telencephalon by immunostaining with 
anti-BLBP antibody (Fig. 4.1E-H). These results indicate that Gal4FF is 
specifically expressed in RG in the adult Tg(gfap:Gal4FF;UAS:GFP) 
zebrafish brain.  
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Fig. 4.1 GFP expression in the adult Tg(gfap:Gal4FF;UAS:GFP)  
A: Schematic drawing of histological analyses in the telencephalon of 
Tg(gfap:Gal4;UAS:GFP). B: Representative images of GFP co-localization 
with BLBP-positive cells. C: Quantification of GFP/BLBP double-positive 
cells in Tg(gfap:Gal4;UAS:GFP). D-H: Representative images of 
immunostaining with anti-GFAP and anti-GFP antibodies in telencephalon 
(D), optic tectum (E), cerebellum (F), retina (G) and spinal cord (H) of 
Tg(gfap:Gal4;UAS:GFP). 
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Chapter 5. Discussion 
5.1 Regenerative capacity and the function of neural stem cell in the 
zebrafish central nervous system 
In this study, I established a stab injury model of the optic tectum 
in adult zebrafish and examined the contribution of NE and RG to the optic 
tectum regeneration after injury. I confirmed that RG, which are near 
quiescent in the physiological conditions (Fig. 3.1B-C), play important 
roles in the optic tectum regeneration as neural progenitors (Fig. 3.3-4 and 
Fig. 5.1). Wnt signaling was activated after stab injury and inhibition of 
Wnt signaling led to decreased in the number of proliferative RG and 
generation of new-born neurons. Acute inflammation or Wnt activation 
without stab injury also induced the proliferation of RG (Fig. 5.2) 
Fig. 5.1 Schematic drawing of cellular events induced by stab injury 
Figure shows cellular events such as proliferation and differentiation after 
the stab injury in chronological manner. 
 
??????
??????
????? ?????
????????????
?????????????
??
?????????????
??????????????
???????????
???? ?
 
 
64 
 
Fig. 5.2 Wnt signaling regulates proliferation and differentiation of 
radial glia in response to stab injury 
Canonical Wnt signaling is activated in RG after stab injury. Activation of 
Wnt signaling is required for proliferation and differentiation of RG after 
stab injury. Acute inflammation also induces proliferation of RG without 
stab injury.  
 
According to my analyses of both NE and RG in the regenerative 
condition and previous studies about the function of NE in the 
physiological condition (Ito et al., 2010), NE function as neural stem cells 
and RG maintain quiescence to prepare for brain damage in the 
physiological condition. And in the regenerative condition RG mainly 
function as neural stem cells in response to tissue damage. Moreover, NE 
also showed responsibility against inflammatory signaling induced by 
zymosan A (Fig. 3.5), suggesting that stab injury in the optic tectum likely 
affects the proliferation or differentiation of NE. I analyzed three groups of 
proliferative cells; BLBP/PCNA double positive cells as proliferative RG, 
?????
??????
??????????????????????
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BLBP-/PCNA+ cells located in the margin of PGZ as proliferative NE and 
BLBP-/PCNA+ cells located in the optic tectum except the margin of PGA 
as another types of proliferative cells likely including microglia, 
oligodendrocytes, endothelial cells and immune cells such as macrophages 
and neutrophils. Quantification of BLBP/PCNA double positive cells 
showed that the proliferation of RG peaked at around 3 dpi (Fig. 3.3) and 
quantification of BLBP-/PCNA+ cells located in the margin of PGZ 
showed that stab injury in optic tectum had smaller effect in the 
proliferation of NE than that in RG (Fig. 3.2), suggesting that RG in optic 
tectum has high responsibility for neuronal regeneration in the regenerative 
condition. Regarding BLBP-/PCNA+ cells except NE, the proliferation of 
these cells peaked at 2 dpi. Previous studies of stab injury in the 
telencephalon showed that proliferation of microglia was significantly 
increased at 2 dpi but proliferation of oligodendrocyte precursor cells was 
not significantly increased at 2 dpi (Baumgart et al., 2012). Moreover, an 
anti-inflmmatory drug treatment by dexamethasone significantly 
suppressed proliferation of BLBP-/PCNA+ cells except NE in the injury 
side compared to that with MeOH treatment (unpublished data in Ohshima 
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Lab.) These results and findings suggest that the proliferating microglia or 
immune cells are major parts of the BLBP-/PCNA+ cells and that the 
proliferation of immune responsive cells is likely followed by the induction 
of RG proliferation. Preliminary data in Ohshima Lab. about cell apoptosis 
after stab injury showed that cell apoptosis peaked at 12 hpi. Analyses of 
cell proliferation and cell apoptosis suggest that events in response to stab 
injury induce cells death at around 12 hpi, recruiting immune responsive 
cells such as microglia, macrophages and neutrophils, and these cells likely 
secrete variety of molecules which stimulate the activity of RG and NE in 
the regenerative condition, leading to promotion of the proliferation and 
differentiation of RG to compensate for tissue damages.  
Based on my analyses of RG in both the physiological and 
regenerative conditions, RG in optic tectum have similar properties to those 
of Müllar glia in retina (Table. 5). Previous studies showed that Müller glia 
also function as neural stem cells in the regenerative conditions induced by 
stab injury or light damage, but not in the physiological adult neurogenesis 
conditions (Ramachandran et al., 2010; Raymond et al., 2006). In the 
physiological retina, Müllar glia are quiescent and retinal stem cells located 
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in the ciliary marginal zone contribute to maintain neurogenesis by rapid 
division and production of new neurons. On the other hand, in the 
regenerative condition, RG in the telencephalon, hypothalamus and spinal 
cord of adult zebrafish function as neural stem cells in both adult and 
regenerative neurogenesis (Adolf et al., 2006; Gorsuch et al., 2014; Hui et 
al., 2015; Johnson et al., 2016; Kizil et al., 2012; Kroehne et al., 2011; 
Mokalled et al., 2016; Raymond et al., 2006). Moreover, in cerebellum, 
nestin-positive NE but not ptf1a-positive radial glia-like cells operate as 
neural stem cells in both the physiological and regenerative conditions (Bae 
et al., 2009; Kaslin et al., 2017). RG and NE have different capacities as 
neural stem cell in different regions of CNS, and it is not well known how 
regenerative abilities of RG and NE are regulated. 
Table. 5 Differences in the role of NSCs in central nervous system 
Table shows whether neuroepithelial-like stem cell and radial glia (Müller 
glia) function as neural stem cells in the physiological and regenerative 
condition. 
?????? ??????????????????????????????????????????? ??????????????????????
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5.2 Molecular mechanisms in the tissue regeneration of optic tectum. 
I analyzed molecular mechanisms that regulate RG proliferation 
and differentiation. I focused on inflammatory signaling as extracellular 
factor and Wnt signaling as an intercellular factor to elucidate molecular 
mechanisms that regulate function of neural stem cells and tissue 
regeneration. 
Acute inflammation induced by zymosan A injection without brain 
damages, surprisingly induced the proliferation of both the NE and RG, 
though only RG proliferation was induced in stab injury model in this study. 
These results suggest that NE have also some functions in the regenerative 
condition by responding to inflammatory signaling evoked by the stab 
injury. Unpublished data in Ohshima Lab. showed that an 
anti-inflammatory drug, dexamethasone, treatment suppressed induction of 
RG proliferation after stab injury. These analyses of inflammation and RG 
proliferation suggest that inflammatory signaling is necessary for RG 
proliferation and imply that this induction of RG proliferation follows the 
induction of inflammation likely caused by cell death and tissue damages 
after stab injury. Further analyses of secreted proteins (extracellular 
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factors) that regulate activity of neural stem cells are necessary to modulate 
of the neural stem cell function and enhance adult neurogenesis or CNS 
regeneration.  
I also analyzed the function of Wnt signaling on the RG 
proliferation and differentiation after stab injury by a transgenic Wnt 
reporter line and pharmacological experiments using IWR1 and BIO. First, 
I performed the stab injury using the 6xTcf/Lef:miniP-d2GFP Wnt reporter 
line and observed GFP localization in BLBP-positive RG in the injury side 
at 2 dpi (Fig. 3.6A-B). I also quantified expression level of proneural 
transcriptional factor ascl1a and endogenous Wnt antagonist dkk1b, and 
confirmed that ascl1a expression was significantly increased in the injury 
side at 12 hpi and that the expression of dkk1b was significantly decreased 
in the injury side at 24 hpi (Fig. 3.7). Previous studies about molecular 
mechanisms in the retina regeneration showed that ascl1a represses the 
expression of dkk1b in müllar glia and that up-regulation of ascl1a is 
required for proliferation and differentiation of müllar glia after stab injury 
(Ramachandran et al., 2011). Then, it was shown that overexpression of 
Dkk1b, using Tg(hsp70l:Dkk1b-GFP) transgenic zebrafish in which Dkk1b 
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expression is ubiquitously induced by heat shock, significantly suppressed 
the proliferation of müllar glia or RG after retina injury or spinal cord 
injury, suggesting that down-regulation of dkk1b is also required for 
induction of müllar glia and RG proliferation. These results indicated that 
Wnt activation through down-regulation of Dkk1b in an Ascl1a dependent 
manner is required for proliferation and differentiation of neural stem cells.  
Moreover, other previous studies suggest that inflammatory 
signaling such as IL6 and TNFα induces Wnt signaling activation through 
up-regulation of ascl1a. TNFα, released by dying cells and immune cells 
such as microglia and neutrophils, resulted in induction of ascl1a 
expression (Nelson et al., 2012; 2013). IL6 family cytokines activate 
Jak/Stat signaling via GP130-coupled receptors, and Ascl1a is also induced 
in a Jak/Stat-dependent manner (Zhao et al., 2014). Thus, inflammatory 
signaling regulates activation of Wnt signaling and induces neurogenesis 
from müllar glia through the STAT3-Ascl1a-Dkk1b pathway during retina 
regeneration. However, these previous studies also reported that the 
expression of wnt4 and fzd2 were significantly increased, suggesting that 
the functional analyses of other Wnt related genes (Wnt agonist, 
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antagonists, and receptors) such as wnt4, fzd10 and the Dkk family during 
regeneration are necessary.  
 
 
 
 
 
Fig. 5.3 Wnt signaling in the physiological and regenerative condition 
Left figure shows Wnt signaling in the physiological condition and right 
figure shows hypothetical Wnt signaling in the regenerative condition. In 
the retina regeneration, signaling cascades shown in the right figure is 
induced in response to stab injury 
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According to results of Wnt inhibition by IWR1 after the stab 
injury, IWR1 treatment for 2 days inhibited the proliferation of RG (Fig. 
3.8H), while the number of another type of proliferated cells, 
BLBP-/PCNA+ cells, in the optic tectum except the margin of PGZ (most 
of BLBP-/PCNA+ cells in this area are proliferative NE) was not 
significantly changed by the Wnt inhibition (Fig. 3.8G), suggesting that 
Wnt activation is induced specifically in RG but not other types of cells 
including microgila, oligodendrocytes and immune cells (Fig. 5.4). Then, I 
found that the IWR1 treatments following BrdU labeling for 48 hours from 
1 dpi to 3 dpi inhibited the differentiation of RG into neurons, but not into 
BLBP-positive newborn RG, (Fig. 3.9H-I) suggesting that Wnt signaling is 
especially important for neurogenesis in regenerative conditions. Previous 
studies showed that Wnt signaling induces the proliferation of neural stem 
cells and neural progenitors but inhibits the differentiation of neural 
progenitors into neurons, suggesting that IWR1 repressed proliferation of 
neural progenitors derived from RG leading to decrease in the number of 
BrdU/HuC double-positive cells (Fig. 3.8H) 
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Fig. 5.4 The effects of Wnt signaling inhibition on the proliferation and 
differentiation of radial glia 
Wnt signaling inhibiter IWR treatment for 2 days after stab injury inhibits 
proliferation of radial glia but not other types of cells. IWR treatments for 4 
days after BrdU labeling from 1 dpi to 3 dpi inhibited generation of 
new-born neurons. 
 
My results from Wnt signaling analyses in the regenerative 
conditions and activation of Wnt signaling in the physiological condition 
using a GSK3b inhibitor (Fig. 3.11F) suggest the possibility of regulation 
of neurogenesis in both physiological and regenerative conditions by Wnt 
signaling. Previous studies in Ohshima Lab. showed activation of Wnt 
signaling by GSK3β inhibitor, TDZD8, does not induce significant 
difference in the proliferation of NE and that inhibition of Wnt signaling by 
IWR1 suppresses proliferation of NE in the physiological condition in adult 
optic tectum (Shitasako et al., 2017 and unpublished). Thus precise and 
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detailed analyses of differences between the functions of Wnt signaling in 
NE and RG in both physiological and regenerative conditions are necessary. 
Wnt signaling also plays important roles in the regeneration of other parts 
of CNS, such as hypothalamus, retina and spinal cord (Briona et al., 2015; 
McPerson et al., 2016; Strand et al., 2016). Moreover, activation of Wnt 
signaling efficiently enhances both adult neurogenesis in dentate gyrus of 
adult mice (Kuwabara et la., 2009; Lie et al., 2005) and regenerative ability 
in the cortex and retina (Fancy et al., 2011; Osakada et al., 2007; Zhao et 
al., 2016). Thus, Wnt signaling is a promising molecular mechanism 
enabling mammals to regenerate the central nervous system. 
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5.3 Radial glia specific Gal4 line, Tg(gfap:Gal4) zebrafish 
I established Tg(gfap:Gal4FF) line in which Gal4FF was expressed 
specifically in RG under the control of the gfap regulatory element. I found 
the specific expression of Gal4FF in RG by crossing Tg(gfap:Gal4FF) with 
Tg(UAS:GFP). I then analyzed the pattern of GFP expression in the 
juvenile and adult brains of Tg(gfap:Gal4FF;UAS:GFP) zebrafish by 
immunostaining with anti-GFAP and anti-BLBP antibodies, indicating that 
GFP was co-expressed with BLBP (Fig. 4.1B) and GFAP (Fig. 4.1D) in 
adult telencephalon. I also confirmed that GFP was co-expressed with 
GFAP-positive cells in optic tectum, cerebellum, retina and spinal cord 
(Fig. 4E-H). In previous studies, UAS lines were generated for various 
purposes such as calcium imaging, optogenetics or overexpression 
experiments. Tg(gfap:Gal4FF) is the first transgenic line to utilize 
Gal4/UAS system specifically in RG. To induce gene expression in the 
adult brain, the combination of plasmid injection into cerebral fluid and 
electroporation was established. Induction of UAS plasmid in the adult 
brain using Tg(gfap:Gal4FF) line enables us to analyze gene functions in 
the central nervous system of adult zebrafish. 
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Chapter 6. Future Prospects 
6.1 Analysis of cell lineage from neural stem cell after stab injury 
 Three steps; proliferation of NSC, differentiation of NSC and 
migration and maturation of newborn neurons are considered to be 
necessary for the complete neuronal tissue regeneration in CNS. In the 
present study, I confirmed proliferation of RG and generation of newborn 
neurons, but I have not observed what kind of matured neurons are 
regenerated after the stab injury and how newborn neurons make 
connections and behave after tissue regeneration yet. It is difficult to chase 
all of the cell lineages by BrdU labeling. For temporal analysis of cell 
lineage in tissue, transgenic zebrafish based on inducible Cre/loxP system 
were generated (Fig. 6.1). As Cre lines, two transgenic zebrafish, 
Tg(her4:CreERT2) and Tg(gfap:CreERT2), were generated for RG-specific 
Cre expression (Kroehne et al., 2011; Briona et al., 2015). As loxP lines, 
Tg(EF1α:loxP-eGFP-loxP-mCherry) and Tg(actb2:loxP-STOP-loxP-GFP) 
based on ubiquitous promoters such as elongation factor 1 (EF1α) or 
β-actin2 promoter, were generated for fluorescent protein switch or 
fluorescent protein induction (Hans et al ., 2009). In the case of mouse, 
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Rosa26 locus is famous for ubiquitous gene expression (Soriano et al., 
1999). Cre-loxP double transgenic lines enable us to label progeny derived 
from RG by fluorescent protein in a tamoxifen dependent manner. 
Moreover, loxP lines such as Tg(actb2:loxP-STOP-loxP-GCaMP) are 
useful to trace progeny derived from promoter specific cells but also to 
observe calcium signaling from newborn neurons derived from RG by 
crossing with RG-specific CreERT2 fish. These transgenic approaches are 
available to analyze cell lineages from RG after stab injury (analysis for 
migration, maturation, neuronal subtype, and synaptic formation) and to 
observe physiological neuronal activity using GCaMP or voltage sensitive 
proteins.  
Fig. 6.1 Schematic drawing of Cre/loxP system and cell lineage labeling 
Left figure shows transgenes for inducible Cre/loxP system. 
β-actin-loxp-Stop-loxP-mcherry for cell lineage labeling and 
β-actin-loxp-Stop-loxP-GCamp for cell lineage labeling and calcium 
imaging. Ubiquitous promoters such as β-actin promoter enable to label all 
of cell lineage from tissues/cells where CreERT2 is expressed by a tissue 
specific promoter. 
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6.2 Comprehensive transcriptome analysis at single cell level 
 In the present study, I focused on the inflammatory signaling and 
Wnt signaling to analyze molecular mechanisms which regulate 
proliferation and differentiation of NSCs in the regenerative. However, 
other signaling pathways such as Shh and Notch signaling are also involved 
in the regulation of NSCs after stab injury, basing on previous studies 
(Kishimoto et al., 2012) and my preliminary experiments. Recently, owing 
to development of next generation sequencer (NGS), we can analyze 
expression changes of comprehensive transcriptome at single cell level to 
elucidate molecular mechanisms or gene function that regulate biological 
phenomena. Previous studies mentioned that RG in telencephalon of adult 
zebrafish show high heterogeneity which making it difficult to analyze 
property and function of single RG (Ganz et al., 2010). To analyze 
molecular mechanisms which regulate RG proliferation, transcriptome 
analysis in proliferating RG are necessary, which are more reliable than 
transcriptome analysis from all of RG (Fig. 6.2). 
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Fig. 6.2 Radial glia specific RNA-seq and ATAC-seq using gfap:GFP 
Figure shows radial glia isolation by fluorescence activated cell sorting 
from gfap:GFP where GFP is expressed specifically in the radial glia. RNA 
or genome sample extractions from single radial glia or bulk of radial glia 
population for RNA-seq (comprehensive transcriptome analysis) or 
ATAC-seq (comprehensive open chromatin analysis) 
 
6.3 Analysis of gene function by morpholino or Gal4/UAS system 
 To analyze gene functions which regulate neurogenesis in the 
physiological or regenerative conditions, temporal and tissue specific 
manipulations are necessary. Tissue and temporal specific gene 
manipulations such as the Cre/loxP system, the Tet on-off system and the 
Gal4/UAS system are available for teleosts such as zebrafish and medaka. 
Moreover, cerebroventricular microinjection (CVMI) of DNA or antisense 
morpholino oligonucleotides followed by electroporation is also a useful 
method to induce conditional gene expression in adult brain. Morpholino 
oligonucleotide binds to target RNA and inhibits gene function. Recently, 
an in vivo morpholinos technique was developed as s new tool for 
knockdown without electroporation for introduction into tissue (Kizil et al., 
2011). For loss of function experiments in a temporal specific manner, the 
????????????
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combination of CVMI and in vivo morpholinos is useful and easy. For 
tissue and temporal specific overexpression experiments based on 
Gal4/UAS system, a combination of CVMI and UAS plasmid by 
electroporation for delivery into Gal4-positive cells is also useful. I hope 
that the RG-specific Gal4 line in the present study becomes useful and 
efficient transgenic fish to induce  RG-specific genes expression in the 
embryonic CNS by crossing with UAS line but also in the adult brain by 
CVMI of UAS plasmid into the Tg(gfap:Gal4) line (Fig. 6.3). 
Fig. 6.3 Loss or gain of function to analyze function of target genes 
Figure shows schematic drawing of knockdown and overexpression 
experiments. Knockdown experiments by in vivo morpholino which binds 
to target RNA and inhibits translation or splicing and overexpression of 
target gene by introduction of UAS plasmid containing target gene under 
UAS sequence into gfap:Gal4 line, which induces gene expression in radial 
glia. 
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Combinations of comprehensive transcriptome analysis and 
functional analysis based on transgenic approach, genome editing and gene 
manipulations by CVMI of expression vectors or morpholinos elucidate 
molecular mechanisms of high regenerative capacity in the adult zebrafish 
CNS and reveal differences in the molecular mechanisms that regulate 
regenerative capacity among vertebrates. 
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